Background/Aims: Increased expression of galectin-1 (Gal-1) in gastric cancer (GC) promotes metastasis and correlates with poor prognosis. The mechanisms by which Gal-1 promotes GC metastasis remain unknown. Methods: Gal-1and Sphingosine-1-phosphate receptor 1 (S1PR1) were determined by immunohistochemistry(IHC) and quantitative real time polymerase chain reaction (qRT-PCR) in GC specimens. Stably transfected Gal-1 or S1PR1 into SGC7901 and MGC-803 cells, western blot and invasion assays in vitro and nude mice tumorigenicity in vivo were also employed. Results: Overexpression of Gal-1 enhanced expression of S1PR1 in SGC-7901 cells, and increased cell invasion, while knockdown Gal-1 in MGC-803 cells reduced S1PR1 expression and diminished invasion. Simultaneous knockdown of Gal-1 and overexpression of S1PR1 in MGC803 cells rescued invasive ability of MGC803 cells. S1PR1 was associated with expression of epithelial-to-mesenchymal transition (EMT) markers in vitro and in clinical samples. EMT induced in MGC-803 cells by TGF-β1 was accompanied by S1PR1 activation, while knockdown of S1PR1 reduced response to TGF-β1, suggest that Gal-1 promotes GC invasion by activating EMT through a S1PR1-dependent mechanism. Overexpression of S1PR1 promoted subcutaneous xenograft growth and pulmonary metastases, and enhanced expression of EMT markers. Conclusion: Galectin-1 promotes metastasis in gastric cancer through a S1PR1-dependent mechanism, our results indicate that targeting S1PR1 may be a novel strategy to treat GC metastasis.
Galectin-1 Promotes Metastasis in Gastric Cancer

Introduction
Gastric cancer is one of the most common cancers, and is the third leading cause of cancer-related deaths worldwide [1, 2] . Over the past two decades, the incidence of GC has increased globally [3, 4] , especially in Japan China, and Korea [5, 6] . The majority of patients with GC are diagnosed at advanced stages, with a high frequency of recurrence and metastasis [7] . Approximate 70% of patients with advanced GC present with tumor metastasis and suffer from recurrence within 5 years after resection, counting for a majority of cancerrelated deaths [8] . Metastatic progression, i.e. the spread of primary tumor to distant organs, is a complex, multistep pathological process with unclear mechanisms. An elucidation of underlying mechanisms of metastatic progression is critical for the identification of novel therapeutic targets and development of agents.
Galectin-1 (Gal-1) is one of 15 members of the b-galactoside binding family of proteins, called the galectin. Gal-1 is encoded by the LGALS1 gene, which is found as a homodimeric protein consisting of 14.5 kDa subunits [9, 10] . Gal-1 is synthesized on cytosolic ribosomes, and incorporated into the nucleus from the cytosol, and translocated to the intracellular side of cell membranes, or secreted [11] . In the intracellular environment, Gal-1 acts as a scaffold protein for intracellular signaling pathways in a carbohydrate independent manner, which participates in protein-protein interactions with H-Ras [12] . In the extracellular environment, Gal-1 mediates cellular aggregation, promotes tumor formation, and participates in defining b-galactoside activity [11, 13] . Gal-1 is altered in a variety of cancer cell types [14] [15] [16] [17] , including GC [18] . Gal-1 expression is found in GC, and aberrant Gal-1 expression enhanced GC cell migration and in vitro invasion [19, 20] . In the clinical setting, increased Gal-1 expression was found to be associated with poor prognosis [18] .
Sphingosine-1-phosphate receptor 1 (S1PR1), is encoded by the S1PR1 gene, also known as endothelial differentiation gene 1 (EDG1). S1PR1 is a G-protein-coupled receptor (GPCR) for lysophospholipid sphingosine-1-phosphate (S1P) [21, 22] . S1PR1 belongs to a sphingosine-1-phosphate receptor (S1PR) subfamily comprised of five members (S1PR1-S1PR5) [21] . Like other GPCRs, S1PR1 is composed of seven transmembrane helices arranged in a structurally conserved bundle [21] . In the extracellular region, S1PR1 is composed of three loops, which sense extracellular ligand and activate intracellular signaling pathways, ultimately leading to cellular responses with various biologic effects, including cell proliferation, survival, and migration via the ERK, Akt, and Rac pathways [23] . It was reported that the signal transducer and activator of transcription 3 (STAT3) transcription factor regulated S1PR1 gene expression, and S1PR1 induced persistent STAT3 activation [24] . Additionally, S1PR1 expression was found to enhance GC cell migration and invasion in vitro and in vivo [25, 26] . Overexpression of S1PR1/STAT3 was speculated to promote metastasis in GC, leading to a poor prognosis [26] [27] [28] . However, underlying mechanisms of S1PR1's promotion of metastasis in GC and the association between S1PR1 and Gal-1 are unclear. In this study, we explored the association between S1PR1 and Gal-1 expression, and mechanisms of interactions of these genes in promotion of GC metastasis.
Materials and Methods
Patients and tissue samples
Patients were recruited form Department of Gastrointestinal Surgery, Clinical Medical College of Yangzhou University (Taizhou people's Hospital of Jiangsu Province). After exclusion of patients without complete clinicopathological and follow-up data, 127 patients with GC were enrolled in our study from July 2012 to May 2013. Formalin-fixed tumor tissues were used for conventional histological hematoxylin-eosin Detailed clinicopathological data of these patients are shown in Table 1 . All patients underwent radical gastrectomy for the primary tumor and D2 lymphadenectomy. None of the patients received chemotherapy or radiotherapy, or had distant metastases prior to surgery. None of the patients had other synchronous malignancies or serious systemic diseases. This study was approved by the ethics committee of Taizhou People's Hospital.
Reagents and antibodies
The reagent TGF-β1 was purchased from Peprotech (Rocky Hill, NJ, USA). Anti-galectin-1 antibody (Cell Signaling Technology, Danvers, MA, USA), anti-S1PR1 antibody (Abcam, Cambridge, UK), anti-E-Cadherin antibody (Cell Signaling Technology), anti-vimentin (Cell Signaling Technology), anti-GAPDH antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), horse radish peroxidase (HRP)-conjugated goat anti-mouse IgG (Santa Cruz Biotechnology), and HRP-conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology) were used in this study.
Histological evaluation
Immunohistochemical staining was performed on formalin-fixed, paraffin-embeded tissue specimens. Slides were cut at 4 μm thickness. Paraffin sections were deparaffinized in xylene and rehydrated in a gradient of ethanol solutions. Endogenous peroxidases were blocked with 3% (V/V) hydrogen peroxide in methanol for 10 min. Sections were washed with phosphate-buffered saline (PBS), and then pretreated with citrate buffer (pH 6.0) for 20 minutes at 95°C in a microwave oven for antigen retrieval. Slides were then incubated with primary antibodies against Gal-1 (1:200), S1PR1 (5 µg/ml), E-cadherin (1:200), or vimentin (1:200) overnight at 4°C, followed by incubation with biotin-conjugated secondary antibodies, then horseradish peroxidase-conjugated streptavidin. Sections were stained with diaminobenzidine (DAB) and counterstained with hematoxylin. Finally, sections were mounted and cover slipped. Negative controls were treated identically, though primary antibodies were omitted; and positive controls were provided by the kit supplier. All specimens were stained in three sections for each antibody. The results were assessed by two independent pathologists who had no knowledge of the patient clinical status. E-cadherin and vimentin staining was defined as positive or negative. Positive staining was moderate or strong staining:
brown or dark brown staining in > 20% of tumor cells. To quantify the immunostaining of Gal-1 and S1PR1, slides were imaged digitally with equal light exposure and evaluated by Image Pro Plus (IPP), a digitalized IHC scoring program (Media Cybernetics, San Diego, CA). The immunostaining results were scored by the product of the percentage of immunopositive cells (0-100) multiplied by staining intensity score (0, 1, 2, and 3) to yield scores of 0-300. Cell culture Human gastric adenocarcinoma cell lines AGS, SGC-7901, BGC-823, MGC-803, and HGC-27, were obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). The cells were maintained with Roswell Park Memorial Institute medium (RPMI Hyclone, Logan, Utah, USA) supplemented with 10% (V/V) FBS (Thermo Scientific HyClone, Logan, Utah, USA), 100 U/ml penicillin, and 100 mg/ml streptomycin (GIBCO, Grand Island, NY, USA). All cells were maintained at 37°C in a humidified atmosphere containing 5% (V/V) CO 2 . Cells were cultured to a confluence of 80% and passaged via trypsinization.
Lentiviral transduction
Lentiviral vectors carrying green fluorescent protein (GFP) and a puromycin resistance gene for Gal-1 overexpression and knockdown, or S1PR1 overexpression and knockdown, were commercially constructed by Genechem Co. Ltd (Shanghai, China). The negative control lentiviral vector also expressed green fluorescent protein and a puromycin resistance gene. MGC-803 or SGC-7901 cells were seeded on 6-well plates at a concentration of 5 × 10 4 cells per well on the day before lentiviral transduction. Cells were transduced with the appropriate lentiviral vector containing at a multiplicity of infection (MOI) of 10 in the presence of 10 μg/ml polybrene (Sigma-Aldrich, St. Louis, MO, USA). Additionally, each cell line was transduced with a non-targeting negative control lentiviral vector by the same approach to control for effects of viral vector transduction. After incubation at 37°C for 12 hours, the medium was replaced with the appropriate fresh medium. After incubation for 48 h, puromycin (Sigma-Aldrich) was added at concentration of 2 µg/ml to select for stably transduced cell lines. Stable transductants were cultured in the presence of puromycin at concentration of 0.5 μg/mL. Transduction efficiencies were evaluated 72 hours after transduction by counting GFP positive cells under a fluorescent microscope (OLYMPUS-U-HGLGPS-IX73); positive transduction was and further confirmed by qRT-PCR or western blot.
RNA extraction and real-time PCR
Real-time PCR was performed to determine the mRNA expression levels of Gal-1 and S1PR1.Total RNA was extracted using the RNeasy Mini Kit (Invitrogen, Carlsbad, CA, USA) according to manufacturer's instructions. First strand cDNA synthesis was performed with a reverse transcription kit (Takara, Carlsbad, CA, USA). Quantitative PCR was performed with SYBR Green dye (Roche Diagnostics, Mannheim, Germany). Relative levels of mRNA expression were analyzed using a Light Cycler 480 system (Roche Diagnostics). The PCR parameters were 30 s at 95°C followed by 40 cycles at 95°C for 5 s, 60°C for 30 s, and 72°C for 30 s. The GAPDH gene was used as an internal control. Fold changes in the mRNA levels of target genes were calculated relative to GAPDH. All results are reported as the average ratios of three different independent experiments. The following primers were used: Gal-1 (forward): GCTGAACCTGGGCAAAGACAG and (reverse) GTTGAGGCGGTTGGGGAACTT (247bp); S1PR1 (forward) TTTCCTGGACAGTGCGTCTC and (reverse) ACTGACTGCGTAGTGCTCTC (250bp); and GAPDH (forward) TGACTTCAACAGCGACACCCA) and (reverse) CACCCTGTTGCTGTAGCCAAA (121bp).
Western blot analysis
Harvested cells were lysed in a buffer containing 40 mM Tris-Cl, 10 mM EDTA, 120 mM NaCl, 0.1%(V/V) Nonidet P-40, and a protease inhibitor cocktail (Sigma-Aldrich). Total protein (20 μg) from each lysate were separated by SDS-PAGE and transferred to a nitrocellulose membrane (GE Healthcare Life Sciences, Pittsburgh, PA, USA), Blots were probed with anti-Gal-1, anti-S1PR1, anti-vimentin, and anti-E-cadherin, or anti-GAPDH (KangCheng, Shanghai, China) at a concentration of 1:2000. For subcellular localization of proteins, total cell extracts and nuclear extracts were prepared using an extraction kit (Beyotime, Shanghai, China). HRP conjugated immunoglobulin was used as a secondary antibody at a concentration of 1:2000. West Pico chemiluminescent Substrate (Pierce, Carsbad, CA, USA) was used to visualize protein bands, and densitometric image analysis software (Image Master VDS; Pharmacia Biotech) was used to quantify the visualized protein bands. 
Cell invasion assay
The invasive ability of GC cells was measured using 24-well transwell units with polycarbonate filters (pore size, 8.0 μm; Corning, New York, USA). In brief, the upper Transwell inserts were coated with 100 µl Matrigel® basement membrane (BD Biosciences, San Diego, CA, USA) and serum-free RPMI medium mixture at a ratio of 1:8. Next, 1× 10 5 cells in 100 µL serum-free RPMI medium were seeded in the top chamber. For the chemoatractant, 600 μl of medium containing 10% (V/V) FBS was placed in the lower chambers. Cells were allowed to migrate for 24 h at 37°C, after which non-invasive cells were removed with a cotton swab. The filters were fixed with 4% (V/V) paraformaldehyde, and cells were stained with a 0.05% (V/V) crystal violet solution, then counted under a microscope. Tumor cell invasion assays were performed in triplicate.
Animal models
Subcutaneous GC implantation and tail vein injected models were established in five-week-old male athymic BALB/c mice; the animal experiments were approved by the Ethic Committee of Yang Zhou University (Yang Zhou, Jiangsu, China). MGC-803 cells with S1PR1 overexpression (OE-S1PR1), S1PR1 knock-down (KD-S1PR1), or empty vector (NC) cells were separately inoculated into the right sides of the back or injected into the tail vein (2×10 6 cells/mouse; n = 6/group). Diameters of the subcutaneous tumors were measured every three days. Mice were sacrificed on day 21 or 35, subcutaneous GC tumors and lung metastases were harvested, and histological examination was performed after H&E or immunostaining.
Statistical analysis
Statistical analysis was conducted with SPSS 16.0 software (SPSS Inc., Chicago, IL, USA). Continuous variables were expressed as the means ± SE and were compared between groups by using the Student's t-test. The Chi-square test was applied for comparison of dichotomous variables. Correlations were assessed by the nonparametric Spearman-Rho method. The Kaplan-Meier method was used for survival analysis, and differences of survival between groups were assessed with the log-rank test. In all analyses, P < 0.05 was considered statistically significant.
Results
Gal-1 and S1PR1 are over-expressed in GC tissues
In order to understand the expression of Gal-1 and S1PR1 in GC, we performed IHC analyses of 127 GC specimens and matched non-tumor tissues from patients with GC. All tissue slides were digitally imaged and evaluated by Image Pro Plus (IPP, Media cybernetics, San Diego, CA), to avoid subjective bias. GC tissues exhibited significantly higher expression of Gal-1 and S1PR1 (Fig. 1A) than matched non-tumor tissue specimens, while the latter exhibited only slight to moderate expression (Fig. 1B) . In GC tissues, the median IHC scores of Gal-1 and S1PR1 were 78.29 (9.51-186.24) and 43.97 (3.16-103.56), respectively. In comparison, the IHC scores of Gal-1 and S1PR1 in non-tumor tissues were 31.09 (5.89-123.45) and 17.45 (2.34-78.76), respectively. We observed a significant difference in Gal-1 and S1PR1 expression between GC and non-tumor tissues (P < 0.01; Fig. 1C ). Gal-1 expression was positively correlated with S1PR1 expression in GC tissues (r = 0.870, P < 0.01; Fig. 1D ).
To confirm the results of Gal-1 and S1PR1 in GC and matched non-cancer tissues, we performed quantitative real-time PCR (qRT-PCR) to evaluate Gal-1 and S1PR1 mRNA expression in 15 matched tumor and non-tumor tissues. The results of qRT-PCR were consistent with the IHC results, demonstrating overexpression of Gal-1 and S1PR1 in GC tissues (Fig. 1E) .
Over-expression of Gal-1 and S1PR1 is positively associated with lymph node metastasis Positive lymph node metastases were identified in 71 of 127 patients (55.9%) with GC by hematoxylin-eosin staining ( Fig. 2A) . As tumor-node metastasis staging is one of the most important factors for biological behavior of tumor, we evaluated the expression of Gal-1 and S1PR1 in metastatic lymph nodes by immunostaining (Fig. 2B ). An enhanced expression of 
Gal-1 and S1PR1 in primary tumors and matched metastatic lymph nodes was observed, in contrast to Gal-1 and S1PR1 expression in primary tumors without lymph node metastasis ( Fig. 2C, D ; P < 0.01).
We quantified the IHC score in Gal-1 and S1PR1 of metastatic lymph nodes, and analyzed the association between Gal-1 and S1PR1 expressions in metastatic lymph nodes. We found that Gal-1 expression was positively correlated with S1PR1 expression in metastatic lymph node in GC (r = 0.899, P < 0.01; Fig. 1E ). The results suggest that over-expression of Gal-1 and S1PR1 was positively correlated with the status of lymph node metastasis; and that Gal-1 expression was positively correlated with S1PR1 expression in lymph node metastases in GC.
Aberrant Gal-1 and S1PR1 expression in primary tumors indicates poor prognosis in patients with GC Receiver operating curve (ROC) statistics was employed to estimate cut-off points for IHC scores to distinguish positive and negative expression of Gal-1 and S1PR1 in 127 GC samples. The IHC scores of Gal-1 ≥ 56.80 and IHC scores of S1PR1 ≥ 21.05 were considered as positive expression (Fig. 3A, B) .
The median follow-up duration after surgery for the cohort was 39.6 months (range: 3.1-60.9 months). A total of 75 cases (59.06%) experienced disease metastasis or recurrence, and 68 (53.54%) had tumor-related deaths. The median time to recurrence was 26.40 months (range: 1.0-59.8 months). Kaplan-Meier analysis revealed that the overall survival (OS) time was 52.56 ± 2.44 months (95% confidence interval (CI): 47.77-57.35) for patients with Gal- Fig. 3 . Aberrant Gal-1 and S1PR1 expression in primary tumors indicates poor prognosis in patients with gastric cancer. ROC statistics were employed to estimate the cut-points of the IHC score for a Gal-1 and b S1PR1 in human gastric cancer tissue. Kaplan-Meier survival curves show that high Gal-1 expression in human gastric cancer tissues is associated with c poor overall survival and d poor disease free survival. High S1PR1 expression in human gastric cancer tissues is associated with e poor overall survival and f poor disease free survival. Fig. 3D ). The OS time was 55.21 ± 3.10 months (95% CI: 49.14-61.29) for patients with S1PR1 negative primary GC tissue and 39.30 ± 1.81 months (95% CI: 35.77-42.83) for patients with S1PR1 positive primary GC tissue (χ 2 = 15.97, P < 0.01; Fig. 3E ). The disease free survival (DFS) time was 54.82 ± 3.37 months (95% CI: 48.22-61.42) for patients with S1PR1 negative primary GC tissue and 31.54 ± 1.98 months (95% CI: 27.66-35.43) for patients with S1PR1 positive primary GC tissue (χ 2 = 20.17, P < 0.01; Fig.  3F ). These findings indicate that both increased Gal-1 and increased S1PR1 in primary GC tumors can be considered as risk factors for poor prognosis in GC.
Gal-1 and S1PR1 expression is associated with invasiveness of GC cells
To confirm that Gal-1 and S1PR1 promote GC metastasis, we examined Gal-1 and S1PR1 protein expression in GC cell lines (including AGS, SGC-7901, BGC-823, MGC-803, and HGC-27 cells) by Western blot (Fig. 4A) . The highly metastatic MGC-803 cell line showed the highest level of Gal-1 and S1PR1 protein expression, while the less metastatic SGC-7901 cell line demonstrated the lowest expression of Gal-1 and S1PR1 (Fig. 4A) . We evaluated Gal-1 and S1PR1 mRNA expression in these five GC cell lines by PCR; and mRNA expression analysis confirmed Western blot results (Fig. 4B, C) . To validate the ability of Gal-1 to promote GC cell invasion, we used lentiviral agents to over-express or knockdown Gal-1 in SGC-7901 or MGC-803 cells. Successful overexpression and knockdown of Gal-1 were confirmed by evaluation of the GFP signal and by Western blot (Fig. 4D-F) . Gal-1 over-expression in SGC-7901 cells increased S1PR1 expression and increased invasiveness (Fig. 4F, G) , while Gal-1 knockdown in MGC-803 cells reduced S1PR1 expression and prevented invasion (Fig. 4E,  H) . These results indicate that Gal-1 and S1PR1 expression may correlate with metastatic potential of GC cells.
Gal-1 promotes GC invasion through a mechanism dependent on enhanced expression of S1PR1
To further elucidate the relationship between expression of Gal-1 and S1PR1, MGC-803 cells were transfected with LV-S1PR1-RNAi (KD-S1PR1) to knockdown S1PR1, and SGC-7901 cells were transfected with LV-S1PR1-OE (OE-S1PR1) to overexpress S1PR1. Successful overexpression and knockdown of S1PR1 were confirmed by analysis of GFP signal and by RT-PCR (Fig. 5A-C) . Transfection of MGC-803 cells with LV-S1PR1-RNAi (KD-S1PR1) efficiently reduced S1PR1 expression and significantly reduced cell invasion as compared with untransfected (MGC-803) or negative control transfected (NC) MGC-803 cells (Fig. 5D,  G) . However, the expression of Gal-1 was unchanged (Fig. 5D) . Similarly, transfection of SGC-7901 cells with LV-S1PR1-OE (OE-S1PR1) efficiently induced S1PR1 protein expression and significantly promoted cell invasion as compared with untransfected (SGC-7901) or negative control transfected (NC) SGC-7901 cells (Fig. 5E, H) , but did not change the expression of Gal-1 (Fig. 5E ). Simultaneous knockdown of Gal-1 and over-expression of S1PR1 in MGC803 cells (KD-Gal-1+OE-S1PR1) restored invasive ability to the level of untransfected MGC803 cells (Fig. 5F, I ). These findings suggested that Gal-1 promoted invasion in GC through a mechanism dependent on the enhanced expression of S1PR1.
S1PR1 expression is elevated in a TGF-β1 induced EMT model
The phenomenon known as epithelial-mesenchymal transition (EMT) promotes invasion and metastasis in many cancers [29] [30] [31] , and we hypothesized that S1PR1 might be involved in EMT of GC cells. We treated MGC-803 cells with 10 ng/ml TGF-β1 for 24 hours. Cells treated with TGF-β1 (+TGF-β1) exhibited a spindle-like and more elongated architecture than MGC-803 controls (Fig. 6A) . The treatment of MGC-803 cells with TGF-β1 significantly reduced protein expression of the epithelial marker and increased expression of mesenchymal marker vimentin (Fig. 6B) . Meanwhile, the invasive ability of MGC-803 cells treated with TGF-β1 (+TGF-β1) was higher than that in MGC-803 controls (Fig. 6C) . S1PR1 expression was significantly increased in TGF-β1 treated cells (Fig. 6B) , suggesting a possible role for S1PR1 in the EMT and invasion of GC cells.
S1PR1 promotes invasion in GC through EMT
The finding that S1PR1 was increased in MGC-803 cells after treatment with TGF-β1 prompted us to determine whether overexpression of S1PR1 promotes the invasiveness of GC cells via inducing EMT. The overexpression of S1PR1 (OE-S1PR1) in MGC-803 cells induced a similar morphological transition treatment with TGF-β1, as indicated by a decreased expression in E-cadherin and an increased expression in vimentin (Fig. 7A, B) . On the other hand, MGC-803 cells with S1PR1 knockdown (KD-S1PR1) exhibited a significantly increased expression of E-cadherin and a decreased expression of vimentin (Fig. 7C) . Furthermore, we assessed the responsiveness of control MGC-803 cells or S1PR1 knockdown MG803 cells (KD-S1PR1) to EMT by stimulating them with TGF-β1and evaluating the expression of E-cadherin and vimentin. After stimulation with TGF-β1 for 24 hours, the invasiveness of MGC-803 cells was significantly increased, while the invasiveness of KD-S1PR1 cells was not (Fig. 7D) . Treatment of MGC-803 with 10 ng/ml TGF-β1 for 24 hours resulted in an increased 
expression in vimentin protein and a decreased expression in E-cadherin (Fig. 6B) . However, KD-S1PR1 cells lost EMT responsiveness as a result from TGF-β1 stimulation (Fig. 7E) . These results suggest that S1PR1 promotes invasion in GC through an EMT-associated mechanism.
S1PR1 associates with EMT-related biomarkers in GC tissue
To further confirm the correlation between S1PR1 and EMT, we examined E-Cadherin and vimentin in GC tissue with IHC. We identified positive vimentin staining in both tumor stroma cell and GC cells in 42 cases (Fig. 8A) . Accordingly, the expression of E-cadherin was decreased in those samples that were vimentin positive (Fig. 8B) . Moreover, in the 42 vimentin positive cases, the IHC score of S1PR1 in primary tumors were higher than in that in 85 vimentin negative cases (Fig. 8C) . Furthermore, 30 of the 42 vimentin positive cases also had lymph node metastases, while only 41 of the 85 vimentin negative cases had lymph node metastases (P < 0.05; Fig. 8D ). These results suggest that EMT may be associated with GC metastasis, and S1PR1 may contribute to the metastatic process.
Manipulation of S1PR1 expression influences GC xenograft growth and metastasis
In clinical analysis and in vitro experiments, we demonstrated that Gal-1 promoted invasion in GC through an enhanced expression in S1PR1, and that S1PR1 contributed to GC metastasis through an EMT-mediated process. To further investigate the role of S1PR1 in GC invasion and metastasis, we generated subcutaneous GC implantation and lung metastasis models in athymic BALB/c mice (n = 6/group). Subcutaneous tumor xenografts were generated, including mice injected with either MGC-803 with S1PR1 over-expression (OE-S1PR1), S1PR1 knock-down (KD-S1PR1), or empty vector (NC). In addition, we injected these three MGC-803 transductants into the tail vein (n = 6/group). The diameter of the implanted tumors was measured every three days. Twenty-one days after subcutaneous implantation, tumors in the OE-S1PR1 group were larger and heavier than that in the NC-S1PR1 group, while KD-S1PR1 tumors were significantly smaller and lighter than that in the NC-S1PR1 group (Fig. 9A, B ; P < 0.01). Immunostaining showed that S1PR1 expression was increased in tumor tissue from the OE-S1PR1 group as compared with the NC-S1PR1 group, while the KD-S1PR1 group was negative for S1PR1 expression (Fig. 9A) . Tumor volume was significantly higher in the OE-S1PR1 group than that in the control group (NC) from the day 6 onward, and significantly lower in the KD-S1PR1 group after day 9 (all P < 0.05; Fig. 9C ).
Thirty-five days after tail vein injection, more pulmonary metastases were found in the OE-S1PR1 group than that in the NC group. Strikingly, the KD-S1PR1 group did not have any pulmonary metastases (P = 0.012; Fig. 9D ). Immunostaining showed pulmonary metastases in the OE-S1PR1 group compared with the NC group (Fig. 9E) . We further examined EMT markers in the subcutaneous xenograft and pulmonary metastases with IHC. Both tumor and pulmonary metastases in the OE-S1PR1 group were positive for vimentin and negative for E-cadherin negative staining, while xenografts in the KD-S1PR1 group were vimentin negative and E-cadherin positive (Fig. 10) . These results suggest that S1PR1 plays a role in GC invasion and metastasis, and indicate that EMT potentially contributes to the process.
Discussion
Development of better surgical techniques and new cytotoxic agents has improved prognosis for GC. However, the majority of patients with GC develop tumor metastasis and postoperative recurrence, leading to cancer related deaths despite therapy. Reasons for this likely may involve the large number of genetic alterations in GC, which may cause the GC tumors to acquire the ability to metastasize or to be resistant to chemotherapy [32] . Many cancer-related molecules have been characterized as targets of anticancer drug or as diagnostic markers forclinical decision-making in therapy and prognosis [33] . Previous reports have demonstrated that Gal-1 and S1PR1 promote gastric tumorigenesis and angiogenesis [18-20, 26, 28] . Our present study clarifies the role of Gal-1 and S1PR1 in GC, and explores the underlying mechanisms of metastasis.
In the present study, we observed that in tumor tissue samples from 127 patients with GC samples, Gal-1 is overexpressed in human GC as compared with matched nontumor tissues, which consistent with previous reports [18, 34] . We also confirmed that expression of S1PR1 in human GC tissue was higher than in matched non-tumor tissue, and that expression of Gal-1 was positively correlated with S1PR1 expression in GC tissue. Moreover, the increased expression in Gal-1 and S1PR1 was significantly associated with tumor size, tumor differentiation, depth of tumor invasion, TNM stage, lymph node status, and the presence of tumor emboli in micro-vessels, suggesting that Gal-1 and S1PR1 may participate in tumor growth and metastasis. We compared the IHC score of Gal-1 and S1PR1 in primary GC tumors with lymph node metastases to primary GC tumors without lymph node metastasis. We also evaluated IHC scores of Gal-1 and S1PR1 in metastatic lymph nodes and analyzed the relationship between Gal-1 and S1PR1 in metastatic lymph nodes. We found that overexpression in Gal-1 and S1PR1 was positively associated with the status of lymph node metastasis. There is also a significant prognostic value of Gal-1 and S1PR1 expression in GC, as clinical outcomes for patients with Gal-1 or S1PR1 positive tumors were significantly poorer than that for patients with Gal-1 or S1PR1 negative tumors. Thus, evaluating Gal-1 and S1PR1 expression in GC tissues might be helpful for predicting disease prognosis. Fig. 9 . Manipulation of S1PR1 expression influences gastric cancer xenograft growth and metastasis. a. S1PR1 overexpression induced MGC-803 to form bigger subcutaneous xenograft (red arrows); representative S1PR1-IHC; Magnification: ×400. Tumor weight b and volume cis expressed as the mean ± SE. * P<0.05,** P<0.01, n = 6. e. Representative images of metastasis (black arrows) in the lungs at 35 days after inoculation. Metastases were frequent in the d OE-S1PR1 group but were seldom detected in the NC group; the KD-S1PR1 group did not develop pulmonary metastases; representative images of HE and IHC for S1PR1 in pulmonary metastases, Magnification: ×200. Using cell line models of over-expression and under-expression of Gal-1 and S1PR1, we found that overexpression of Gal-1 in GC cells increases S1PR1 expression and promotes invasion. In contrast, silencing Gal-1 impaired invasiveness, and decreased S1PR1 expression. Furthermore, our study confirms that Gal-1 over-expression in GC can promote the expression of S1PR1. Rescue of S1PR1 expression in the context of Gal-1 knockdown restored invasive ability of MGC-803 cells, suggesting that Gal-1 induced expression of S1PR1 promotes invasion of GC.
Gal-1 acts as a scaffold protein for intracellular signaling pathways, and participates in protein-protein interactions with H-Ras [12] . H-Ras activation of MEK-ERK signaling results in phosphorylation of STAT3 on S727 [35, 36] . It has also been reported that STAT3 regulated expression of S1PR1. Not only can STAT3 mediate S1PR1 expression, but S1PR1 activates STAT3 through the Jak2 tyrosine kinase [24, 37, 38] . We speculate that Gal-1 activates S1PR1 via activation of an "H-Ras -MEK/ERK -STAT3/S1PR1" axis in GC.
EMT is a process where epithelial cells transition into cells with mesenchymal phenotypes characterized by lost cellular polarity and adhesion, enhanced invasion and migration, and resistance to chemotherapy properties, and numerous studies have implicated EMT in aggressiveness of GC [39] [40] [41] [42] [43] [44] . In this study, we observed that S1PR1 expression is elevated in a TGF-β1 induced EMT model, and that knockdown of S1PR1 in MGC-803 cells reduces the EMT response and decreases invasion induced by TGF-β1. This suggests a possible mechanism by which S1PR1 promotes invasion in GC cells through EMT. GC EMT is modulated by diverse intracellular cues, and can be triggered by various transcription factors, activation of numerous signaling pathways, such as the Ras-MAPK, PI3K/AKT, Wnt, Src, Hedgehog, or Rho pathways [45, 46] S1PR1 may activate the "Jak/STAT3-Src" axis [38] [47], which can in turn induce GC EMT. However, the specific mechanism of action merits further exploration. To further confirm the correlation between S1PR1 and EMT signatures, we examined E-Cadherin and vimentin in GC tumor tissue by IHC. We found that EMT was associated with GC metastasis, and that S1PR1 maycontribute to the metastatic process. We report similar results in our in vivo study, where S1PR1 expression promoted GC invasion and pulmonary metastasis, and over-expression of S1PR1 was related to EMT biomarkers, indicating that S1PR1 promotes GC invasion and metastasis by activating EMT.
Conclusion
We elucidated a novel mechanism by which Gal-1 promotes invasion and metastasis in GC through an enhanced expression of S1PR1. Moreover, we demonstrated that S1PR1 enhances invasion and metastasis of GC through the promoting EMT. The findings suggest that Gal-1 and S1PR1 may potentially be therapeutic targets for GC.
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